The rainfall record from the Durham University Observatory (UK) in the 1870s is examined: this decade was a very wet one nationally, but the Durham totals seem too high. Comparison with data from nearby gauges in northeast England and with a more distant gauge at Edinburgh confirms that this is so. The cause is most likely related to a faulty raingauge in use from January 1872; the problem was apparently rectified by August 1879. Analysis confirms inhomogeneities in the original time series; corrections are applied based on nearby raingauges and a smaller 8-inch gauge in use at the Observatory. In the corrected record, 1872 remains the wettest year at Durham and 1877 ranks fifth. However, the 1870s no longer ranks as the wettest decade, the 1930s and 1960s both being slightly wetter.
BRITISH RAINFALL IN THE 1870s
The earliest meteorological records at Durham Observatory date from 1841 (Manley, 1941; Kenworthy et al., 2007) . Most attention has been given to the temperature record, most notably by Gordon Manley (1941) who produced a homogenous mean air temperature record for the period . A near-continuous record of daily rainfall is available from 1850, but given uncertainty about the very high rainfall totals recorded at Durham in the 1870s, it has been conventional to use only the rainfall data from 1881 onwards. The purpose of this paper is to examine the Durham rainfall record for the 1870s: if a homogenous series can be created, then there would be no reason why the Durham rainfall record from 1850 could not be quoted in parallel to the "Manley" temperature series. This would make it one of the longest series available in the UK, alongside such stations as the Radcliffe Observatory at Oxford (daily data from mid-1814) and Armagh (daily data from 1838).
The 1870s was clearly a very wet decade in Britain generally, with 1872 and 1877 of particular note. These were still comparatively early days for rainfall measurements in Britain. The man who had been entirely responsible for setting up a network of raingauges across the British Isles and compiler of the annual volumes of Symons's British Rainfall, the eponymous G. J. Symons (annual volumes of British Rainfall were published from 1860; in some years, e.g. 1877, the title on the front cover is given as Symons's British Rainfall) Table 1 gives annual "uncorrected" totals at Durham for the decade 1870-1879. The exceptional nature of the 1870s is immediately apparent. No yearly totals exceed 900 mm, except during this period. It is clear that 1872 was an exceptionally wet year, but totals also exceed 1000 mm in 1876 and 1877. The exceptional nature of the decade is confirmed by the rankings: 1872 is the wettest year on record at Durham (1852 Durham ( -2004 , but the next four highest annual totals all appear in the 1870s list, as does the ninth highest. Apart from 1873, this was an extraordinary run of very wet years, and with another very wet year following shortly afterwards: 1882 ranks eighth highest in the uncorrected series (845.4 mm). . All values are expressed as normalised z-scores (calculated as the difference of each total from the mean, divided by the standard deviation) and expressed as a ratio, with the Durham total as the denominator. It is clear that the ratios all fall below 1 in the mid-1870s, i.e. Durham totals are relatively higher than the others, whereas the converse is true for the rest of the period. We would expect rainfall at Wolsingham to be higher than at Durham, given its location in Weardale, closer to the Pennine ridge; the average ratio for 1881-1900 is 1.35. The average ratios for Hartlepool (Hurworth Burn) and Newcastle (Town Moor) are normally just above 1 (1.07 and 1.09, respectively, 1881-1900). Thus, the fact that the ratios fall below 1 for most of the 1870s is of some concern. What was different about rainfall measurements at Durham during this period? Curiously, the lowest average ratio does not occur in 1872 (0.89), but nevertheless, all average ratios less than one fall in the mid-1870s (Fig. 2) . 
COMPARISON WITH EDINBURGH
The Edinburgh series dates from 1785. Like Durham, it recorded some very high annual totals during the 1870s. It is a useful comparison in several ways: it is a very long series, and although hardly close to Durham (~175 km), the means and standard deviations are almost identical (means of 662 and 664 mm with standard deviations of 122 and 117 mm at Durham and Edinburgh, respectively). Table 2 shows annual totals for Durham and Edinburgh expressed as normalised values; also shown are the annual totals at Edinburgh plus their rank order within the series 1785-1993 (n = 209) . It is clear that totals at Edinburgh were not quite so exceptional as at Durham, and indeed 1872 is not even the highest total in the Edinburgh series, being slightly exceeded in 1916 (990.3 mm). Nevertheless, 1872, 1876 and 1877 were clearly very wet years at Edinburgh too; this helps confirm that very high totals are to be expected at Durham during the 1870s, but does not explain why totals at Durham are quite so high. Figure 3 uses normalised 12-month running totals to compare Durham rainfall during the 1870s with that received at Edinburgh. This shows that 12-month totals during 1876-1877 were even higher than for the 1872 calendar year. Once again, however, Durham appears rather more extreme than Edinburgh, with normalised 12-month totals for the period July 1876-June 1877 reaching 5.8 at Durham, but only 4.2 at Edinburgh. The value of 4.2 is indeed the highest in the Edinburgh series (n = 2504), confirming the extreme rainfall total in this period, but still suggesting that the Durham total is too high. Figure 4 compares individual monthly totals at Durham and Edinburgh. There are many similarities, but some inexplicable differences too. For months where there are large differences; Durham tends to record larger totals than Edinburgh, but not always. Using monthly data from 1881-1993, the correlation between Durham and Edinburgh is r = 0.598 (n = 1356). Whilst highly significant in statistical terms, this still implies a fair amount of variation between the two places, so we should not expect too close a coincidence for any given month. Using the regression equation to predict Durham monthly totals for the period 1870-1880 confirms that some months have much larger totals at Durham than would be expected. The biggest differences appear at the end of the year, October-December inclusive. Table 3 lists actual and predicted annual totals for Durham and confirms the greater than expected totals. In 1872, 1875, 1877 and 1878, it seems that Durham recorded 50% more rainfall than it should have. There is no indication in the ledgers that there was an anomalous number of snowfall days in those years. (Symons, 1873, p. 139.) There is almost no information in the original ledgers about the design or location of the Durham Observatory raingauges. A note on the 1852 measurements is as follows: "The raingauge of which the record is here given is that one of two near the south fence, enclosed in a wooden casing. The receiving surface is 4 feet 6 inches above the ground." At this stage there was no consensus on the desirable features of design and exposure of raingauges (Reynolds, 1965) . Today, we would doubt the catch of a gauge with its orifice so high (i.e. approx. 135 cm) above the ground, but it was not in fact until 1917 that the Durham gauge height was reduced from 4 feet to 1 foot (approx. 30 cm). [The 4-foot gauge dates from 1886 before which various heights are recorded, from 4 feet to 4 feet 8 inches.] It is clear that there was a good deal of experimentation at Durham Observatory in the late 1860s and 1870s on raingauge height and diameter, including one gauge on the roof. Harris (1985) referred to records from a gauge "located on the South Lawn since 1886". However, there is no record in the ledger of any gauge being moved in 1886, so this may simply relate to the adoption of the 4-foot gauge from 1886 onwards, as noted above (and as recorded in successive volumes of British Rainfall). In the absence of any other information, it must be concluded that one or more gauges have been on the South Lawn, in much the same location as today, since 1852.
One point that may be of significance is that the Durham Observatory raingauge used in the 1870s was considerably larger (12-inch diameter; 30 cm) and with its rim much higher above the ground (4 feet 6 inches; 135 cm) than most neighbouring gauges (most of which were 5-inch [12.5 cm] diameter with the rim 1 foot [30 cm] or less above the ground). Of course, these relative differences in gauge placement were not confined to the 1870s and so any relative differences in catch ought to remain constant through time. It is now known, given its height above the ground, that the Durham gauge would have been expected to catch less rainfall than its neighbours (Robinson & Rodda, 1969; Green & Helliwell, 1972) . A gauge well above ground level is "overexposed" and high-velocity air flow across the orifice means that such a gauge catches less rain than one nearer to the ground. It is just possible, however, that the Durham gauge may have caught relatively more rain during times of heavy rainfall when the height of the rim might be less influential. It could be that a higher gauge will catch relatively more during periods of heavy rainfall when raindrop diameters are at their largest, more than offsetting any effect of higher wind speeds at such times (Rodda, 1968) , which could explain why Durham rainfall in the very wet 1870s was higher than expected in comparison to other gauges. Of course, if this explanation were correct, then the Durham gauge would have caught too little rainfall under normal circumstances with the catch being closer to the "correct" amount in very wet years. There are a few clues in the original ledger that suggest possible problems with rainfall measurements during the 1870s. The normallyused "large" (12-inch) gauge was "broken by frost" on 4 December 1871; a new gauge was in use from 6 January 1872. Gordon Manley's unpublished notes (held in the Cambridge University Library) show that he doubted whether the new gauge was accurate: "the 12-inch gauge catches too much", he commented at one point. Manley concluded that the record was acceptable from August 1879, although he gives no indication what changed from that time; nor does the original ledger.
STATISTICAL TESTS FOR HOMOGENEITY
It has been possible to confirm that the Durham rainfall record for this period is not homogenous by applying a number of standard homogeneity tests (Craddock, 1979; Linacre, 1992; Aguilar et al., 2003) . Comparative data were obtained from Oxford (records from 1767), Edinburgh (records from 1785), Malham Tarn (records from 1860), a variety of local gauges for which data are listed in successive volumes of British Rainfall, and a composite monthly regional rainfall record for northeast England (NEE) available from 1873 to the present (Alexander & Jones, 2001) . For example, the Swed-Eisenhart Runs Test (Linacre, 1992 ) on a split series for Durham (1852 Durham ( -1928 Durham ( , 1929 Durham ( -2005 showed that the second half of the series is homogenous but the first half is not (at a 1% level of significance), probably because of a shift in the mean for the 1870s. Analysis of double mass curves (Craddock, 1979) confirms that the Durham record is entirely consistent with the others, except during the 1870s: for example, Fig. 5 shows a clear change in slope from 1880.
A HOMOGENOUS RAINFALL SERIES FOR DURHAM IN THE 1870s
A number of methods were applied in an attempt to produce a corrected rainfall series for Durham. In the first instance, regression and correlation were applied, using four nearby gauges: Wolsingham, Newcastle Town Moor, Hartlepool and Sunderland. All these had complete records from 1870 to 1899. Although closest to Durham, Wolsingham is rather wetter than Durham, and this may be the reason for apparent underestimation of Durham totals in very wet years. It was therefore decided to use the average of the three other gauges. A regression equation was calculated for the period 1880-1899 and this was used to estimate annual totals for 1872-1879 inclusive. The ratio between the uncorrected and corrected annual totals for each year was then used to estimate monthly totals. Having produced this new monthly series, the estimated monthly values were then regressed against available data for the 8-inch (20-cm) gauge (available for part of 1872 and 1876-1879 inclusive): y = 0.9332x + 3.0835 (R 2 = 93.7%, n = 53). This gave considerable confidence that the 8-inch gauge did in fact produce accurate rainfall totals and could therefore be used where data were available. On this basis, 8-inch gauge totals were inserted into the estimate series to produce the composite series, shown in Table 4 . Figure 6 shows various Fig. 6 Four estimates of annual rainfall totals at Durham, 1987 Durham, -1979 . The composite series is a combination of actual data from an 8-inch gauge and estimates provided by the three-gauge regression (3gREG). DURcalcN and DURcalcS are totals calculated using the Newcastle Town Moor gauge; and the Sunderland gauge, respectively. estimates for annual rainfall totals; the composite series differs from the three-gauge regression because actual values have been inserted where available. At worst, annual totals differ by less than two inches (50 mm) and so there can be reasonable confidence that the constructed composite series is accurate. This is confirmed by Fig. 7 , which replicates the double mass curve shown in Fig. 5 . The results confirm that the series is now homogenous and the previous change of slope in 1879 is no longer apparent. It is interesting to note that the annual totals predicted using Edinburgh data (Table 3) are not very close to the annual totals shown in Table 4 , confirming the advantage of using neighbouring stations to estimate substitute values (Aguilar et al., 2003) . Table 5 shows the top 10 annual rainfall totals for Durham using the homogenous series. Only two years from the 1870s appear: 1877 (ranks fifth) and 1872, which remains the wettest in 155 years. It is worth noting that careful checks indicated no reason to amend the record for 1882, another very wet year (ranks third). Table 6 gives decade totals from 1850 to 1999 and shows that the 1870s are not in fact the wettest decade on record at Durham, despite the occurrence of two very wet years. The 1930s and the 1960s were slightly wetter. Fig. 8 Annual rainfall totals (mm) at Durham, 1852 Durham, -2004 , together with a decadal running mean. Given a mean annual rainfall for the whole period of 662 mm and a standard deviation of 122 mm, the y axis gridlines approximate to intervals of 2 SD around the mean. Figure 8 shows the corrected series of annual rainfall totals at Durham since 1850 together with a decadal running mean. The running mean peaks in 1877 and 1935 are almost identical. This series may now be regarded as the definitive Durham series as far as monthly and annual totals are concerned. Further work is needed to amend daily rainfall totals (cf. Burt & Horton, 2007) ; in some cases these can be taken from the 8-inch gauge record but where these are missing, a conversion equation will be needed, using the same approach as described here to amend annual totals.
CONCLUSIONS
The 1870s was a very wet decade in the UK and Durham was no exception. However, application of a number of tests revealed clear inhomogeneities in the Durham record, and comparison with neighbouring gauges suggest that the Durham totals were too high. No reason could be found for this in the original ledgers, but it is clear that there was a problem with the new 12-inch gauge installed in January 1872. The problem was solved in mid-1879, but again, whatever changes were made then, nothing relevant is listed in the ledgers.
Given Durham's importance as a very long reference time series, it was important to adjust the recorded totals in order to produce a homogenous series. Data from nearby gauges (Sunderland, Hartlepool and Newcastle Town Moor) were used to produce estimates of monthly totals at Durham. Comparison with totals recorded at Durham Observatory using an 8-inch gauge show close correspondence, so it was decided to use these totals where possible and only substitute estimates where 8-inch totals were not available. A homogenous series for Durham rainfall in the 1870s is given in Table 4 .
The year 1872 remains the wettest at Durham, being the only year in which the total has exceeded 900 mm in the corrected series. The year 1877 is the only other year from the 1870s to rank in the top 10. The 1870s can no longer be regarded as the wettest decade in Durham, the 1930s and 1960s both being slightly wetter.
Further work will be needed to link the Durham rainfall record to the historical record of large floods on the River Wear. The British Hydrological Society's chronology of British hydrological events (www.dundee.ac.uk/geography/cbhe/) lists three floods for the 1870s: November 1875, December 1876 and November 1878 (see also Archer, 1992) . Interestingly, none are given for 1872. Rainfall totals over 50 mm were involved in all three cases, but the main influence may well have been conditions in the Pennine Hills, rather than local to Durham, and the influence of such factors as snowmelt are not known. At least there is now a reliable record of daily rainfall at Durham as a basis for further analysis.
